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Dissociation constants for complexes of calcium with a series of dipeptides 
consisting of glycine, alanine, leucine and proline have been determined by pH- 
titrations. Two of these dissociation constants were checked by means of 
t i t rat ion using a calcium sensitive electrode. The influence of the side chains on 
the stabil i ty of the complexes is discussed. Calcium forms only 1 : 1 complexes of 
the type CaLH + (LH2 = H 3 N - - - C H R ~ O  N H - - C H R ' ~ O 0 - )  and probably 
also of the type CaLH~ ~-. The two PMR signals of the non-equivalent 
methylene protons of glyeylglycine were measured with and without the 
addition of calcium chloride at various pH. On the basis of these results, 
possible structures of the complexes CaLH + are postulated. 

( Keywords : Calcium-peptide complexes; Peptide complexes, Potentiometric 
titration; Stability constants) 

KompIexbildung von Calcium mit aliphatisehen Dipeptiden 

Fiir eine Reihe Reihe yon Dipeptiden, bestehend aus den Aminos/iuren 
Glyein, Alanin, Leuein und Prolin, wurden Dissoziationskonstanten ftir deren 
Calcium-Komplexe mit Hilfe yon pH-Titrat ionen bestimmt. Zwei dieser 
Dissoziationskonstanten wurden darch Messung mit einer Ca-sensitiven Elek- 
trode iiberpr/ift. Der EinfluB der Seitenketten auf die Stabilit/it  der Komplexe 
wird diskutiert.  Calcium bildet nur 1:1 Komptexe der Form CaLH + 

• ~ T  T t _ • • (LH 2 ~ H 3 N - - C H R - - C O - - N H - - C H R - - C O O  ) und vlellemht auch der Form 
CaLH~ +. In einer H1-NMR Untersuchung wurden die Signale der beiden nicht 
£quivalenten Methylengruppen yon Glycylglycin gemessen, und zwar mit und 
ohne Zugabe yon Calciumchlorid bei verschiedensten pH-Werten.  Auf Grund 
dieser Ergebnisse werden m6gliche Strukturen ffir die Komplexe vorge~ 
schlagen. 
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Introduction 

As the  inves t iga t ion  of meta l -p ro te ine  complexes is qui te  complica- 
ted, short  l inear  pept ides  are f r equen t ly  used as model  substances .  

Al iphat ic  d ipept ides  have 3 possible coord ina t ion  abil i t ies:  N- t e rmina l  
amino  group,  C- te rmina l  carboxyl  group and  one pept ide  bond.  While  
the in t e rac t ion  be tween  dipept ides  and  t r ans i t i on  metals  has been 
s tudied  extens ive ly  1-4, only  l i t t le  is k n o w n  abou t  the complex forma- 

t ion  of calcium with  dipeptidesS, ~. 

Experimental 

Chemicals." The concentration of the calcium chloride stock solution was 
determined by eomplexometric titration. The dipeptides listed in Table 1 were 
obtained from Sigma Chemical Co. and used without further purification. 

pH-Titrations: All pH-measurements were performed using a Schott pH- 
meter CG 803 equipped with a standard glass electrode. Titrations were carried 
out at various mctal/ligand ratios from 1:1.5 to 1:4. The concentration of 
calcium chloride was 2.012 mM in all titrations. The systems were titrated 
with 0.1 or 0.05 M NaOH. All investigations were carried out under nitrogen 
atmosphere at 20 °C and ionic strength of 0.2 M KC1. The stability constants 
were calculated using a Fortran program at the CDC computer of the 
University of Innsbruck. 

Measurements with the Calcium Sensitive Electrode: The conditions were the 
same as described above. The concentration of the free calcium was measured 
with a Radiometer Selectrode which was connected to a Schott pH-meter 
CG 803. 

PMR Measurements: PMR spectra were obtained by a Varian EM-360-L 
60 MHz spectrometer at ionic strength of 0.2 M KC1 in H20. The spectra were 
recorded at a sweep rate of 0.4 Hz/s and at a probe temperature of 30 °C, the 
sweep width was 120 Hz. The concentration of the dipeptide gly-gly was 0.1 M. 
Calcium chloride was added in equimolar amounts. 0.3 M KC1 was added to 
solutions containing only gly-gly to give an ionic strength comparable to that of 
solutions containing calcium chloride. HC1 or NaOH was added to bring the 
solutions to the desired pH. TMA (tetramethylammonium chloride) was used 
as internal standard. Chemical shifts are reported relative to the central 
resonance signal of the TMA triplet. 

Results and Discussion 

pH- Titrations 

Calcium forms only  weak 1:1 complexes wi th  dipeptides.  I f  LH2 
denotes  the zwit ter ionic  form, the  following react ions  can be defined:  

K I :  L H 2 + H +  - + L H ~  
K 2  : LH2 -* L H -  + H + 
K3: CaLH + --*Ca2+ + L H  
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Table 1. Stability constants of calcium/dipeptide complexes (pK1, pK2, pK3, 
dp K 3 notation see text; 8uperfixes correspond to references) 

)eptide pK14 pK1 Lit pK24 pK2 Lit pK3 pK3 Lit dpK3 

-gly 3.18 --3.177 8.25 8.137 2.04 1.246 0.23 
- -3 .23 s 8.19 s 

d,l-ala - -3.19 --3.177 8.40 8.207 2.02 0.26 
- -3 .15 s 8.238 

-d,Lleu - -3 .20 --3.28 s 8.37 8.23 s 1.93 0.18 
-/-pro --2.93 --2.970 8.77 8.480 2.57 - -  0.10 
ala-gly 3.22 - -  8.33 8.27 s 1.87 0.666 0.39 
leu-glv --3.20 - -3 .28 s 8.24 8.07 s 1.74 0.706 0.22 
~'o-gly --3.05 --3.199 9.15 8.989 1.50 0.29 
ala-d~l-ala --3.18 --3.087 8.39 8.26 v 2.15 0,27 
ala-d,l-leu 3.15 - -  8.36* 8.324 154 - -  0.30 
ro-l-ala 3.20 - -  9.19 1.77 - -  0.48 
E'o-/-teu 3.21 - -  9.16 2.22 0.18 

4 0.2 M KC1, 20 °C, used in this work. 
6 Saturated Ca(IO3)2, 25 °C. 
7 0.2MKC1, 25°C. 
s 0.1 M KC1, 25 °C. 
9 0 . 1 6 M K N Q ,  25°C. 
* Determined and used in this work, 0.2 M KC1, 20 °C. 

The s imula t ion  of the t i t r a t i on  curves inc luding  the fo rmat ion  of 
fur ther  complex species did no t  improve  the  qua l i ty  of the s imula t ion .  

The  cons tan t s  for the protolysis  of the pure  dipept ides  were mos t ly  
t aken  from l i t e ra ture  4. Table  1 lists the dipept ides ,  their  cons tan t s  for 

the protolysis  and  the dissociat ion cons tan t s  of the  calcium complexes. 
Some of these dipept ides  were used in the d,/-form; therefore the  
calcula ted dissociat ion cons tan t s  m u s t  be regarded as mean  values  for 
all s tereoisomers present  a. dpK3 serves as a measure  for the signi- 
ficance of the cons t an t  pK3.  Changing  the  c o n s t a n t  p K 3  by _+ dpK3 

tlaeoret .7 talc 2 leads to an  increase of ~ (NaOH~ . - - N a O H  i .) by  a 
i 

factor  2. 
Because of the low stabi l i t ies  of the complexes a nd  the re la t ive ly  

high values  of dpK3 it  is difficult  to discuss the inf luence of the side 
chains on the  s tabi l i ty .  The larger R and  R', the  lower seems to be the 
s t ab i l i ty  of the complexes;  one can deduce from this  fact,  t h a t  bo th  
amino  acids are involved  in the complexa t ion  of the calcium ion. 
Prol ine  is an  exept ion  to this  rule, p r e s u m a b l y  because of its rigid r ing 
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system. Gly-pro forms the most stable complex with calcium, whereas 
pro-gly has the lowest stability constant in this series. Davies and 
Waind 6 have suggested some values for the stability constants. These 
values were determined by measurement of the solubility of Ca(IQ)2 in 
solutions containing dipeptides and were corrected by activity coeffi- 
cients. This correction might be one of the reasons that  their values 
deviate from those presented in this paper. 
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Fig. 1. Distribution of species as a function of pH. Concentration is given in 
percent of the total metal concentration. Total concentration of calcium: 

0.002 M ; total concentration of gly-gly : 0.004 M 

Figs. 1 and 2 illustrate the species distribution depending on pH. 
The maximum concentration of CaLH + at higher pH-values depends 
only on pK3 because the dipeptide is deprotonated;  at medium pH 
range a low pK2 value also favours complex formation. 

Measurements with the Calcium Sensitive Electrode 

The free calcium concentration can be computed for every point of 
the ti tration curves if the constants pK1, pK2 and pK3 are fixed. The 
free calcium concentration can also be measured by the aid of a calcium 
sensitive electrode. Therefore the pH-t i t ra t ion method can be checked 
by this method. Investigations were carried out with two systems as 
shown in Figs. 3 and 4. Figs. 3 and 4 illustrate tha t  results being 
identical within the experimental error (dpK3) can be obtained by both 
methods A and B. 
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Fig. 2. Distribution of species as a function of pH. Concentration is given in 
percent of the total metal concentration. Total concentration of calcium: 

0.002 M ; total concentration of d,/-leu-gly : 0.004 M 
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Fig. 3. Titration curve (pH) for the system calcium + gly-gIy. Total concen- 
tration of calcium: 2.012 raM; total concentration of gly-gly: 4.058 raM; ionic 
strength: 0 .2MKCI;  temperature: 20°C; 50ml solution were titrated with 
0.1 M NaOH; free calcium concentration computed with the constants 
in Table 1, free calcium concentration computed at pK3 + 0.2; • 
fYee calcium concentration determined by the aid of a calcium sensitive 

electrode 
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P M R  Measurements 

Gly-gly has two non-equiva len t  me thy lene  groups :  
+ 

H 3 N ~ H ~ - - - C O - - N H - - C H  2 C O 0 -  (zwitterionic form) 

The two signals appear  as b road  singlets because of  exchange 
effects. The influence of  the addi t ion  of  calcium chloride on the 
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Fig. 4. Titration curve (pH) for the system calcium +d,l-leu-gly. Total 
concentration of calcium: 2.012mM; total concentration of d,l-leu-gly: 
8.002 mM ; ionic strength : 0.2 M KC1 ; temperature : 20 °C ; 50 ml solution were 
titrated with 0.1211 NaOH; free calcium concentration computed with 
the constants in Table 1; . . . .  free calcium concentration computed at 
pK3 +_ 0.2; • free calcium concentration determined by the aid of a calcium 

sensitive electrode 

chemical  shift to  gly-gly  as well as the  influence o fpH on both  calcium 
free and calcium eomplexed gly-gly should serve as a powerful  tool  for 
the  in te rpre ta t ion  of  the complex s tructures .  The ass ignment  of the  
signals is faci l i ta ted by  previous  works  on gly-gly  and its complexes 
with t rans i t ion  metals10, n .  Figs. 5a, b shows the dis t r ibut ion of  the 
species depending  on pH at  condit ions described in the exper imentM 
section on P M R  measurements .  Fig. 6 i l lustrates the chemical  shift of  
the methy lene  pro tons  of gly-gly relat ive to TMA.  All signals appear  at  
lower field than  the T M A  s t anda rd  signal. 
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Fig. 5. a Distr ibut ion of species as a function of p H .  Concentrat ion is given in 
percent  of the total  gly-gly concentrat ion;  to ta l  concentrat ion of gly-gly: 
0.1 M. t~ Distr ibut ion of species as a function of p H  after addit ion of 0.1 M 

calcium chloride 
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Fig. 6. Chemical shift of the ~ and ~ methylene protons relat ive to T M A  as a 
funct ion of p H ;  1 • ~ • - -  pure gly-gly ; 2 - - A ' - - '  A ' - - "  gly-gly + calcium 

chloride 
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Pure  gly-gly: The significant downfield shift of the e methylene 
proton signal at  p H  = p K 1  is apparent ly  due to the protonat ion of the 
carboxylate  group. In  this p H  range the shift of 1 ~ is relatively small. 
The sigmoide shape of the curve 1 ~ at  p H  = p K 2  should occur because 
the amino group loses a proton. In  this p H  range 1~ slightly shifts 
downfield. 

Gly-gly + calcium chloride : The format ion of the calcium complex 
scarcely influences the shift of the ~ methylene protons. I t  is known 
tha t  complex format ion with the amino group would cause a consider- 

H N ~cH~" .~NH-CH~co0- 2 ~ ,,, 

"-Ca2+ 

Fig. 7. Postulated structure of the complexes CaLH + 

able upfield shift 10-12. This observation leads to the conclusion tha t  the 
amino group is not involved in the format ion of the complex. Thus the 
carboxylate  group and/or the peptide bond may  be regarded as possible 
binding abilities. The assumption of pure carboxylate  interaction 
would result in a downfield shift of 2 c~; actually complex formation 
leads to an upfield shift. I t  is to be assumed therefore tha t  a chelate 
complex is formed via the peptide oxygen and the carboxylate  group. 
The fact  tha t  in the medium and low p H  range 2 ~ deviates from 1 ~ by 
showing a small shift to the lower field can be explained by  a partial  
format ion of the weak complex CaLH 2+ (H31~---CH2--CO N H - -  
---CH2--COO . . . .  Ca2+)10,13, which is not  detectable by  the method of 
pH-t i t ra t ions ,  as no protons are set free upon complex formation.  
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